Novel immunomodulatory molecule FTY720 is a synthetic analog of myriocin, but unlike myriocin FTY720 does not inhibit serine palmitoyltransferase. Although many of the effects of FTY720 are ascribed to its phosphorylation and subsequent sphingosine 1-phosphate (S1P)-like action through S1P 1,3-5 receptors, studies on modulation of intracellular balance of signaling sphingolipids by FTY720 are limited. In this study, we used stable isotope pulse labeling of human pulmonary artery endothelial cells with L-[U-13 C,
FTY720
2 is a synthetic analog of sphingosine and is currently being studied as a potent immunosuppressive and immunomodulatory agent (1) (2) (3) . FTY720-induced immunosuppression is ascribed, in part, to its protective effect on endothelial cell barrier function that results in inhibition of lymphocyte egress from lymph nodes and down-regulation of innate and adaptive immune responses (4) . As endothelial cells predominantly express the sphingosine 1-phosphate 1 (S1P 1 ) receptor and its activation initiates signaling that results in the assembly of VEcadherin-based adherens junctions (5) , it is thought that the phosphorylation of FTY720 and the binding of FTY720-P to the S1P 1 receptor determine its effect on vasculature (1) . Recently it became evident that the action of FTY720 is more complex as several other direct protein targets were identified. Thus, FTY720 was found to bind to and inhibit the cannabinoid CB1 receptor (6) , to inhibit cytosolic phospholipase A 2 (cPLA 2 ), and to counteract ceramide 1-phosphate-induced cPLA 2 activation (7). Additionally FTY720 but not FTY720-P was shown to inhibit S1P lyase (8) , which degrades S1P to ethanolamine phosphate and (E)-2-hexadecenal and regulates the removal of sphingoid bases from the cumulative pool of sphingolipids. These findings characterize FTY720 as a molecule with a multitargeted mode of action whose cellular effects are complicated by its metabolic transformation to FTY720-P, a structural and functional analog of S1P.
Phosphorylation of FTY720 to FTY720-P by sphingosine kinases (SphKs) is the only reported metabolic transformation of FTY720 and has been actively explored because of its link to S1P-mediated signaling (1, 2, 9, 10) . Recent studies suggest that the endogenous balance between S1P and ceramide molecules regulates prosurvival and proapoptotic signaling cascades, which determine the outcome of cellular response to different stress conditions (11, 12) or the efficiency of anticancer therapy (12) (13) (14) . However, despite the fact that FTY720 resembles sphingosine (Sph) and is a substrate of SphK2 (15) (16) (17) , there are no reported studies on the effect of FTY720 on the intrinsic balance of signaling sphingolipids. Metabolic interconnections between proapoptotic (ceramides) and prosurvival (dihydrosphingosine 1-phosphate (DHS1P)) molecules are expected because it is known that fumonisin B1 (FB1), an inhibitor of (dihydro)ceramide synthases, not only blocks the formation of ceramides and up-regulates the intracellular content of dihydrosphingosine (DHSph) but also increases the cellular level of DHS1P (19, 20) .
In view of these considerations, it is important to know how compounds with a potential ability to interfere with the sphingolipidome turnover affect the DHS1P-S1P/ceramide balance in cells. To address this question we have investigated the effect of FTY720 on metabolic pathways leading to ceramide and sphingoid base 1-phosphate generation in human pulmonary artery endothelial cells (HPAECs) by using a stable isotope pulse labeling approach and quantitative liquid chromatography-tandem mass spectrometry of signaling sphingolipids. We demonstrate that treatment of HPAECs with FTY720 results in the inhibition of de novo ceramide formation with a concomitant increase in DHSph and DHS1P content in cells. Moreover FTY720 showed a direct inhibition of ceramide synthases in an in vitro assay, albeit it was less efficient compared with the classical inhibitor of ceramide synthases, FB1. Our present findings have identified ceramide synthase isozymes as a novel molecular target for FTY720 action, opening a new direction for its potential therapeutic application through the inhibition of ceramide biosynthesis, ceramide-dependent signaling, and the upregulation of DHS1P generation in cells.
EXPERIMENTAL PROCEDURES
Standards and Reagents-Sph, DHSph, a 17-carbon analog of Sph (C 17 -Sph), S1P, DHS1P, a 17-carbon analog of S1P (C 17 -S1P), N-myristoyl , and lignoceroyl (24:0) coenzyme A substrates were obtained from Avanti Polar Lipids (Alabaster, AL). 3-Keto-DHSph was purchased from Matreya (Pleasant Gap, PA). The nonphosphorylated lipid standards were dissolved in methanol, whereas the sphingoid base phosphates were dissolved in methanol containing a trace amount of concentrated HCl and were stored at Ϫ20°C. FTY720 and FTY720-P were synthesized as described previously (21) . L-[U-13 C(98%), 15 N(98%)]serine was purchased from Cambridge Isotope Laboratories (Andover, MA). SphK1 antibodies were from Abcam (Cambridge, MA). SphK2 antibodies were kindly provided by Dr. Taro Okada (Kobe University, Kobe, Japan).
Cell Culture-HPAECs were from Lonza (Walkersville, MD) and were cultured in complete EGM-2 medium (Lonza). Passages between 5 and 7 were used for experiments. Cells were grown at 37°C in a humidified atmosphere with 5% CO 2 , 95% air.
Transfection of HPAECs with SphK1 and SphK2 siRNAssiGENOME SMART pool siRNAs targeting SphK1 (5Ј-CGAC-GAGGACUUUGUGCUA-3Ј, 5Ј-GAACCAUUAUGCUGGC-UAU-3Ј, 5Ј-GAGAAGGGCAGGCAUAUGG-3Ј, and 5Ј-GCU-AUGAGCAGGUCACCAA-3Ј) and SphK2 (5Ј-CAAGGCAG-CUCUACACUCA-3Ј, 5Ј-GAGACGGGCUGCUCCAUGA-3Ј,  5Ј-GCUCCUCCAUGGCGAGUUU-3Ј, and 5Ј-CCACUGCC-CUCACCUGUCU-3Ј) were purchased from Dharmacon (Lafayette, CA). HPAECs grown to ϳ50% confluence in 6-well plates were transfected with Gene Silencer (Gene Therapy Systems, San Diego, CA) transfecting agent with 25 nM SphK1 or 10 nM SK2 siRNA in serum-free EBM-2 medium according to the manufacturer's recommendation. After 3 h post-transfection, 1 ml of fresh complete EGM-2 medium containing 10% fetal bovine serum was added, and the cells were cultured for an additional 72 h before treatment with FTY720 and lipid analysis by LC/MS/MS. The efficiency of silencing was confirmed by real time PCR and by Western blotting.
Quantitative Reverse Transcription-PCR and Real Time Reverse Transcription-PCR-RNA (1 g) was reverse transcribed using a cDNA synthesis kit (Bio-Rad), and real time PCR and quantitative PCR were performed to assess expression of SphK1 and SphK2 using primers designed for the human mRNA sequences. The following sequences were used for mRNA quantitation: SphK1 sense, 5Ј-TCCTTCA-CGCTGATGCTCACTG-3Ј; SphK1 antisense, 5Ј-CAGAC-GCCGATACTTCTCACTCTC-3Ј; SphK2 sense, 5Ј-CCCG-GTTGCTTCTATTGGT; and SphK2 antisense, 5Ј-GACA-GCCCAGCTTCAGAGAT. Amplicon expression in each sample was normalized to its 18 S RNA content. The relative abundance of target mRNA in each sample was calculated as 2 raised to the negative of its threshold cycle value times 10 6 after being normalized to the abundance of its corresponding 18 S (2 Ϫ(primer Threshold Cycle) /2 Ϫ(18 S Threshold Cycle) ϫ 10 6 ). Negative controls, consisting of reaction mixtures containing all components except target RNA, were included with each reverse transcription-PCR run. To verify that amplified products were derived from mRNA and do not represent genomic DNA contamination, representative PCR mixtures for each gene were run in the absence of the reverse transcriptase enzyme after first being cycled to 95°C for 15 min.
Lipid Extraction and Sample Preparation for LC/MS/MSCellular lipids were extracted by a modified Bligh and Dyer (22) procedure with the use of 0.1 N HCl for phase separation. C 17 -S1P (40 pmol), C 17 -Sph (30 pmol), and 17:0-Cer (30 pmol) were used as internal standards and were added during the initial step of lipid extraction. The extracted lipids were dissolved in methanol/chloroform (4:1, v/v), and aliquots were taken to determine the total phospholipid content as described previously (23) . Samples were concentrated under a stream of nitrogen, redissolved in methanol, transferred to autosampler vials, and subjected to consecutive LC/MS/MS analysis of sphingoid bases, ceramides, and sphingoid base 1-phosphates.
Analysis of Sphingoid Bases, Sphingoid Base 1-Phosphates, Ceramides, FTY720, and FTY720 Phosphate-Analyses of the sphingolipids were performed by combined LC/MS/MS. The instrumentation used was an API4000 Q-trap hybrid triple quadrupole linear ion trap mass spectrometer (Applied Biosystems, Foster City, CA) equipped with a TurboIonSpray ionization source interfaced with an automated Agilent 1100 series liquid chromatograph and autosampler (Agilent Technologies, Wilmington, DE). The sphingolipids were ionized via electrospray ionization (ESI) with detection via multiple reaction monitoring (MRM). Analysis of sphingoid bases and the molecular species of ceramides used ESI in positive ions with MRM analysis using a minor modification of published methods (24, 25) . Briefly resolution of sphingoid bases was achieved with a Discovery C 18 column (2.1 ϫ 50 mm, 5-m particle size; Supelco, Bellefonte, PA) and a gradient from methanol/water/ formic acid (61:38:1, v/v) with 5 mM ammonium formate to methanol/acetonitrile/formic acid (39:60:1, v/v) with 5 mM ammonium formate at a flow rate of 0.5 ml/min. The MRM transitions used for detection of sphingoid bases were as follows: m/z 286 3 268 (C 17 -Sph, internal standard), m/z 300 3 282 (Sph), and m/z 302 3 284 (DHSph).
Ceramide molecular species were resolved using a 3 ϫ 100-mm X-Terra XDB-C 8 column (3. S1P and DHS1P were quantified as bisacetylated derivatives with C 17 -S1P as the internal standard using reverse-phase high pressure liquid chromatography separation, negative ion ESI, and MRM analysis. Details of this approach were described previously (26) .
FTY720 was analyzed along with sphingoid bases using positive ion ESI and MRM analysis of the transition from m/z 308 to m/z 255. C 17 -Sph was used as the internal standard for the quantitation of FTY720. FTY720-P was analyzed along with S1P and DHS1P as a bisacetylated derivative using negative ion ESI and C 17 -S1P as the internal standard. The m/z 470 3 410 transition was used to detect and quantify FTY720-P.
Standard curves for each of the sphingoid bases, sphingoid base 1-phosphates, ceramide molecular species, FTY720, and FTY720-P were constructed via the addition of increasing concentrations of the individual analyte to 30 pmol of the structural analogs of the sphingolipid classes used as the internal standards. Linearity and the correlation coefficients of the standard curves were obtained via a linear regression analysis. The standard curves were linear over the range of 0.0 -300 pmol of each of the sphingolipid analytes with correlation coefficients (R 2 ) Ͼ 0.98. Pulse Labeling Experiments-After HPAECs were treated with FTY720 or FB1 in complete EBM-2 medium for 3 h, the cells were pulse-labeled for 2 h with L-[U- 13 C, 15 N]serine (50 mg/liter) dissolved in EBM-2 complete medium containing the same concentrations of FTY720 or FB1. The medium was removed, and the lipids were extracted as described above.
Quantitation of the label incorporated into the sphingolipids was achieved by the use of LC/MS/MS by monitoring the [M ϩ 3] isotopes in precursor and product ions used in corresponding MRM programs to detect sphingoid bases, ceramides, and sphingoid base 1-phosphates as described previously (27) .
Ceramide Synthase and Serine Palmitoyltransferase (SPT) Assays-The ceramide synthase assay was performed using the total HPAEC lysate as described previously (28) The serine palmitoyltransferase assay was performed as described previously (29) Statistical Analyses-Each experiment was performed in triplicate. At least three independent experiments were carried out, and the data for one representative experiment are presented as the mean Ϯ S.E. Two-tailed unpaired t tests were performed as post hoc tests of significance. Kinetic analysis of the inhibition of ceramide synthases by FTY720 was performed using the GraphPad Prism enzyme kinetic module (GraphPad Software, La Jolla, CA).
RESULTS

LC/MS/MS Quantitation of FTY720 and FTY720-P Using
C 17 -Sph and C 17 -S1P as Internal Standards-To integrate the analyses of FTY720 and FTY720-P into the existing and already used protocols of LC/MS/MS quantitation of sphingoid bases and sphingoid base 1-phosphates we developed an LC/MS/MS approach with synthetic C 17 -Sph and C 17 -S1P as the internal standards. First we determined the breakdown pattern of FTY720 and found that the transition from m/z 308 to m/z 255 due to the loss of two water molecules and the amino group is the most characteristic for FTY720 in the positive ion mode (Fig. 1A) . Then we confirmed that FTY720 can be resolved from all analyzed sphingoid bases using the column and solvent protocol we used for the sphingoid base analysis (Fig. 1B) . Finally we determined the linearity of the standard curve with increasing amounts of FTY720 (1-300 pmol) and a fixed amount (30 Fig. 1D ) the background of total lipids extracted from HPAECs (ϳ200 pmol of total lipid phosphorus on the column) (Fig. 1C) . The data demonstrate a linear relationship of the response over a wide range of analyte concentrations with correlation coefficients greater than 0.995.
Similarly we found that FTY720-P can be analyzed in the negative ion mode as its bisacetylated derivative along with S1P and DHS1P. The amino and the hydroxy groups of FTY720-P are easily acetylated, and the loss of an acetyl moiety gives rise to a characteristic m/z 470 to m/z 410 transition (Fig. 1E) . Chromatographically FTY720-P bisacetate behaves similarly to the S1P and DHS1P bisacetylated derivatives (Fig. 1F) , and most importantly, the standard curve of the response of variable amounts of FTY720-P versus a fixed amount of C 17 -S1P (the internal standard) is linear (R 2 Ͼ 0.995) over a wide range of FTY720-P concentrations in the presence or absence of total lipid extracts (Fig. 1, G and H) .
Integration of FTY720 and FTY720-P quantitation into the existing protocols of LC/MS/MS analysis of sphingoid bases and sphingoid base 1-phosphates is a logical and chemically rational approach. FTY720 and FTY720-P are structurally very similar to DHSph and DHS1P, respectively, and their reactivity and chromatographic behavior are very similar to those of DHSph and DHS1P. Hence the use of synthetic C 17 analogs of Sph and S1P as the internal standards for the quantitation of FTY720 and FTY720-P is a convenient approach. Because of the structural similarities between FTY720-P and DHS1P, both compounds undergo acetylation of one amino group and one hydroxyl group and lose one acetyl moiety in the most characteristic transition during collisioninduced decomposition. We found that C 17 -Sph and C 17 -S1P are good substitutions for stable isotope-labeled analogs of FTY720 and FTY720-P, which would be optimal choices but are not yet available. An ether analog of FTY720 (compound Y-32919, Novartis Pharma AG, Basel, Switzerland) and its phosphorylated derivative were used previously as internal standards to quantify FTY720 and FTY720-P, respectively (15, 30) . However, because these compounds are not readily available, the choice of C 17 -Sph and C 17 -S1P as internal standards for quantitation of FTY720 and FTY720-P is a simple and convenient substitute strategy.
FTY720 Up-regulates DHS1P Biosynthesis through the Inhibition of Ceramide Synthase(s)-Treatment
of HPAECs with FTY720 affected intracellular levels of all of the major signaling sphingolipids. Thus, increasing concentrations of FTY720 gradually decreased S1P while increasing the DHS1P content in the cells (Fig. 2A) . The shift in S1P-DHS1P ratio was mirrored by similar changes in the content of sphingoid bases (Fig. 2B) , suggesting that FTY720 interferes with ceramide biosynthesis and/or catabolism. Indeed FTY720 decreased the ceramide level in cells (Fig. 2B ) but had no effect on dihydroceramides (data not shown). This observation suggests a potential inhibition of DHSph conversion to dihydroceramides by (dihydro)ceramide synthase(s) rather than the inhibition of dihydroceramide desaturase.
Next we investigated the fate of the exogenously added FTY720 to HPAECs. Quantitative LC/MS/MS analysis of both FTY720 and FTY720-P in lipid extracts revealed that ϳ1% of the added FTY720 was converted to FTY720-P, whereas Ͼ98% of the added FTY720 was recovered from cells at 2 h after the beginning of treatment (Fig. 2) .
To identify the metabolic step in the sphingolipid biosynthetic pathway affected by FTY720, we used stable isotope labeling in conjunction with LC/MS/MS quantitation of labeled sphingolipids, an approach recently adopted by us for sphingolipid metabolic studies related to DHS1P and S1P formation in SphK1-overespressing cells (27) . This approach consists of pulse labeling of cells with L-[U-13 C, 15 N]serine and quantitation of the [M ϩ 3] mass analogs of natural sphingolipids that allows one to establish which metabolic step of sphingolipid de novo biosynthesis is affected. As shown in Fig. 3 , treatment of HPAECs with FTY720 led to a substantial accumulation of sta-FIGURE 1. Development of LC/MS/MS methods for quantitation of FTY720 and FTY720-P. A, positive product ion spectrum of FTY720. B, chromatographic separation of FTY720 and sphingoid bases. 1, FTY720; 2, C 17 -Sph; 3, Sph; 4, DHSph. C and D, standard curves for FTY720 with C 17 -Sph as the internal standard without interfering lipid background (C) and in the presence of total lipid extract (D). E, negative product ion spectrum of FTY720-P. F, chromatographic separation of FTY720-P and sphingoid base 1-phosphates. 1, FTY720-P; 2, C 17 -S1P; 3, S1P; 4, DHS1P. G and H, standard curves for FTY720-P with C 17 -S1P as the internal standard without interfering lipid background (G) and in the presence of total lipid extract (H). Refer to text for further details. C.P.S., counts/s. ble isotope-labeled DHSph in cells, but no change in the content of labeled Sph was observed. FB1, a classical inhibitor of ceramide synthases (30 -32), had a very similar effect on the content of sphingoid bases (Fig. 3) . Furthermore FTY720 was as effective as FB1 in decreasing the incorporation of L-[U-13 C, 15 N]serine into total dihydroceramides and ceramides (Fig.  3) , suggesting a close efficiency for both compounds in affecting ceramide biosynthesis in cultured HPAECs. However, analyses of L-[U-13 C, 15 N]serine incorporation into individual ceramide molecular species showed significant differences in the actions of FTY720 and FB1. FB1 was more effective in inhibiting L-[U-13 C, 15 N]serine incorporation into 16:0-ceramide than into 24:1-and C24:0-ceramides, whereas FTY720 was more potent in inhibiting de novo biosynthesis of 24:1-and 24:0-ceramides (Fig. 4) . Both FTY720 and FB1 up-regulated label incorporation into DHS1P (Fig. 3) , although FTY720 was less effective compared with FB1. Surprisingly FB1, but not FTY720, also increased the cellular levels of labeled (Fig. 3) and non-labeled (data not shown) S1P. 
FTY720 Inhibits Ceramide Synthase Isozymes
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To further study the inhibition of ceramide synthases by FTY720, we performed an in vitro assay of ceramide synthase activity essentially as described previously (28) using the total cell lysate; DHSph; and 16:0-, 18:0-, 20:0-, 22:0-, or 24:1-CoA as substrates and LC/MS/MS to quantitate corresponding dihydroceramide formation. First we determined the type of inhibition of ceramide synthase 2 (CerS2) by FTY720 using 22:0-CoA as one of its preferred substrates (28) . FTY720 proved to be an inhibitor of CerS2 with an apparent IC 50 of 6.4 M when 0.1 M DHSph was used as the substrate (Fig. 5A) . The inhibition of CerS2 activity was reversible as the potency of inhibition diminished with the dilution of the enzyme-inhibitor preparation (Fig. 5B) . The analysis of the kinetic of inhibition with increasing substrate (DHSph) concentrations revealed that FTY720 (2.5 M) does not change the apparent V max of the reaction (25.8 Ϯ 0.8 pmol/ min/mg of total protein) but shifts the apparent K m from 67.7 to 135.6 nM. This typifies a competitive type of CerS2 inhibition by FTY720 with an apparent K i of 2.15 M (Fig. 5C ).
Next we compared the efficacy of FTY720 to inhibit the formation of the major molecular species of dihydroceramides in the total cell lysate by using substrates specific for CerS1 (18:0-CoA), CerS2 (22:0-CoA), CerS4 (20:0-CoA), and CerS5/6 (16: 0-CoA). As shown in Fig. 6 , FTY720 exhibited a similar efficacy in inhibiting all of the ceramide synthase isozymes with CerS4 being the least inhibited.
The ability of FTY720 to inhibit L-[U-13 C, 15 N]serine incorporation into 24:1-and 24:0-ceramides in HPAECs (Fig. 4) was similar to that of FB1; therefore, we compared both compounds in an in vitro assay using 16:0-CoA and 24:1-CoA as the acyl donor. In contrast to the labeling studies with L-[U-13 C, 15 N]serine carried out in intact HPAECs (Fig. 4) , the experiments with the cell lysates revealed that FB1 was more potent than FTY720 in inhibiting the formation of both 16:0-and 24:1-dihydroceramides (Fig. 7) . This indicates the complexity of FB1-mediated modulation of ceramide biosynthesis and catabolism in intact cells. 
FTY720 and FB1 Do Not Directly Modulate SPT Activity in
HPAECs-FTY720 does not inhibit SPT activity (33), but FB1 is able to up-regulate SPT expression as a result of prolonged animal treatment (34) . To test whether FTY720 and FB1 modulate SPT activity in HPAECs, we compared the effects of FTY720 (5 M), FB1 (5 M), and myriocin (0.5 M; a classical SPT inhibitor) on SPT activity in the total HPAEC homogenate containing palmitoyl coenzyme A and stable isotope-labeled L-[U- 13 C, 15 N]serine. The LC/MS/MS-based methodology of quantitation of [M ϩ 3]-labeled 3-keto-DHSph was used. Neither FB1 nor FTY720 at 5 M had any significant effect on SPT activity, whereas myriocin (0.5 M) completely abolished (Ͼ99.5% inhibition) the formation of 3-keto-DHSph (data not shown). These data indicate that FTY720 and FB1 do not modulate SPT activity in HPAECs.
SphK1, but Not SphK2, Is Involved in FTY720-induced DHS1P Biosynthesis-As FTY720 increased DHS1P formation, we next investigated which isoform of sphingosine kinase is involved in the FTY720-induced DHS1P up-regulation as well as in FTY720-P formation in HPAECs. Expression of endogenous SphK1 and SphK2 was down-regulated by siRNA specific to SphK1 and SphK2. Knockdown of SphK1, but not SphK2, attenuated the up-regulating effect of FTY720 on DHS1P formation but had no effect on FTY720 conversion to FTY720-P. On the contrary, knockdown of SphK2, but not SphK1, decreased FTY720-P formation in HPAECs (Fig. 8) . The conversion of FTY720 to FTY720-P was ϳ1% of the total FTY720 present in cells (Figs. 2 and 8) ; this is consistent with published work showing very low expression of SphK2 in HPAECs (which is mostly localized in the nucleus) (35) . These results indicate differential roles for SphK1 and SphK2 in utilizing DHSph and FTY720 as substrates for phosphorylation.
DISCUSSION
FTY720 is an effective immunomodulatory molecule and is currently in Phase III clinical trials as an immunosuppressive agent and for the treatment of multiple sclerosis (2, 3). Additionally FTY720 or its analogs have been demonstrated to inhibit tumor angiogenesis (36, 37) and vascular permeability (38, 39) , suggesting that FTY720 has utility in regulating tumor metastasis, inflammation, and vascular edema. The conversion of FTY720 to FTY720-P and its extracellular action through S1P 1,3-5 receptors has attracted a great deal of attention because of the potent receptor-mediated S1P-like effects of FTY720-P. Surprisingly the potential functional contributions of the intracellular effects of FTY720 through the modulation of the balance of signaling sphingolipids have not been fully considered as part of its mechanism of action. Even in a recent review, FTY720 was claimed not to interfere with sphingolipid biosynthesis (2). However, the newly discovered inhibition of S1P lyase (8) and the previously reported inhibition of SphK1 (16, 40) by FTY720 suggest that some effects of FTY720 may be attributed to its action on intracellular enzymes affecting S1P metabolism.
This study provides novel data on the modulation of ceramide and S1P-DHS1P levels by FTY720 by inhibition of ceramide synthases in HPAECs. Our results demonstrate for the first time that FTY720 inhibits ceramide synthase activity in intact endothelial cells as well as in cell-free preparations. LC/MS/MS quantitation of sphingoid bases, sphingoid base 1-phosphates, ceramides, and dihydroceramides demonstrated a profound effect of FTY720 on their intrinsic intracellular balance. An intriguing observation that came from the LC/MS/MS methodology was a "precursor-product" effect of FTY720 on the content of DHS1P and S1P that was mirrored by similar changes in DHSph and Sph levels. These findings suggest that FTY720 may inhibit the conversion of DHSph to DHCer in these cells. This hypothesis was proven by the use of LC/MS/MS methodology in combination with a pulse labeling of cells with L-[U- 13 C, 15 N]serine. This approach clearly demonstrated ceramide synthase(s) inhibition by FTY720 in cells (Figs. 3 and 4 ) similar to that of FB1, a known inhibitor of ceramide synthases (30) , but with a different efficiency of inhibition of biosynthesis of short-chain versus long-chain ceramides. Our kinetic analysis of CerS2 inhibition in cell lysates showed that the FTY720-induced inhibition was reversible and competitive toward DHSph (Fig. 5) . FTY720 inhibited CerS2 in vitro with an IC 50 value of 6.4 M and also inhibited most of the other ceramide synthase isozymes with a similar potency as probed by using different acyl-CoA substrates (Figs. 6 and 7) . This novel and crucial finding suggests that FTY720 or its analogs may have utility in regulating ceramide production and ceramide-driven signaling cascades involved in endothelial cell apoptosis.
Ceramides are key intermediates in the biosynthesis of all complex sphingolipids and also key signaling molecules controlling multiple cellular processes including mitochondria function and the decision of cell death versus survival paradigm (41, 42) . Several pathological conditions have been reported to be linked either to increased ceramide de novo biosynthesis or to sphingomyelinase-mediated ceramide generation (11, (41) (42) (43) (44) . Hence the ability to control ceramide formation in cells, in particular to control the formation of selective ceramide molecular species and at different intracellular compartments, is of great physiological/pathological significance. There is compelling evidence for differential functional roles of individual ceramide molecular species. In particular, de novo generated 16:0-ceramide mediated p53-dependent apoptosis in prostate cancer cells (45) and in EB-1 colon cancer and Molt-4 LXSN leukemia cells (46) . Similarly 18:0-ceramide generated via ceramide synthase but not via sphingomyelinase caused ischemia/reperfusion-induced mitochondrial dysfunction in mouse brain (47); moreover de novo formed 16:0-and 24:0-ceramides contributed to spontaneous neutrophil apoptosis (48) .
There are six known mammalian ceramide synthases; they all show selectivity toward the chain length of the fatty acyl CoA they use for N-acylation of sphingoid bases (28, 49) . A direct comparison between FTY720 and FB1 demonstrated that both compounds have a similar efficacy for inhibiting the formation of long-chain (24:0 and 24:1) ceramides (mediated by CerS2), but FB1 is more potent in inhibiting the formation of 16:0-ceramide (mediated by CerS5 and CerS6) in HPAECs (Fig. 4) . However, in cell lysates, FB1 was found to be a much more potent inhibitor of both CerS2 as well as CerS5/6 (Fig. 7) . This indicates a potential importance of FB1 interaction with other enzymes of sphingolipid biosynthesis and catabolism that is supported in part by the known up-regulation of SPT by FB1 in vivo (34) .
Inhibition of ceramide synthases by FTY720 brings an additional but important element of complexity to the anti-inflammatory action of FTY720. Inhibition of ceramide biosynthesis may result in decreased ceramide kinase-dependent ceramide 1-phosphate formation in cells. Ceramide 1-phosphate is an important allosteric activator of form IV cPLA 2 (50 -52) . This crucial enzyme releases arachidonic acid from glycerophospholipids and is thus involved in proinflammatory eicosanoid biosynthesis. FTY720 has been shown to down-regulate arachidonic acid release and eicosanoid generation in RBL-2H3 cells through a direct inhibition of cPLA 2 and counteraction with ceramide 1-phosphate allosteric regulation of cPLA 2 but not through an S1P receptor-dependent mechanism (7). Our data suggest that an additional mechanism of cPLA 2 inhibition by FTY720 may be operative, i.e. through the regulation of the de novo biosynthesis of ceramide and ceramide 1-phosphate.
Another unique observation in the present study was the up-regulation of the intracellular level of DHS1P by FTY720. Although no definitive role for intracellular DHS1P is demonstrated, SphK1 has again been shown to be responsible for DHS1P biosynthesis. Previously we demonstrated that overexpression of SphK1, but not SphK2, up-regulates intracellular accumulation of DHS1P through the de novo biosynthesis (27) . Our present results suggest that the supplementary availability of newly formed DHSph for SphK1 to generate DHS1P as a result of a metabolic block at the level of ceramide synthases appears to be a common mechanism for both FTY720 and FB1 action in cells. In fact, DHS1P rather than DHSph was proposed to be a better indicator of fumonisin toxicity (20, 53) . Our data support the notion that native SphK1, similar to overexpressed FLAG-tagged SphK1 (27) , has access to the de novo formed DHSph to form DHS1P. Conversely SphK2 appears not to be involved in DHS1P generation because silencing of SphK2, in contrast to silencing of SphK1, had no effect on FTY720-induced up-regulation of DHS1P content in cells (Fig. 7) . Our data also suggest that the inhibition of S1P lyase by FTY720 (8) is not a major factor contributing to DHS1P accumulation in cells as the content of S1P was decreased, instead of being increased, by treatment of HPAECs with FTY720. The same is true for a potential inhibition of S1P phosphatases and lipid phosphate phosphatases by FTY720 as neither of these enzymes can discriminate between S1P and DHS1P (35, 54) .
The human lung endothelial cells used in this study convert FTY720 to FTY720-P. We confirmed that SphK2 but not SphK1 mediates phosphorylation of FTY720; this is consistent with published information on SphK2-dependent phosphorylation of FTY720 in mammalian cells (15) (16) (17) . However, the rate of FTY720 conversion to FTY720-P in HPAECs was low, and only ϳ1% of added FTY720 was present in its phosphorylated form irrespective of the duration of treatment (data not shown) or FTY720 concentration (Fig. 2) . Despite the low rate of formation of FTY720-P in HPAECs, our data cannot exclude the possibility that some effects of FTY720 on sphingolipid metabolism are determined by FTY720-P. However, our data do not support a role for FTY720-P in DHS1P accumulation in cells because silencing of SphK1 had no effect on the intracellular level of FTY720-P but decreased the ratio of DHS1P up-regulation in response to FTY720 treatment (Fig. 7) . On the contrary, silencing of SphK2 decreased the intracellular content of FTY720-P but had no effect on DHS1P up-regulation by FTY720. These results suggest a minimal role for intracellular FTY720-P compared with FTY720 in regulating DHS1P accumulation in HPAECs. Furthermore our results support the significance of ceramide synthase inhibition by FTY720 as a mechanism of up-regulation of DHS1P in lung endothelial cells.
In conclusion, we have demonstrated a novel pathway for the regulation of the intracellular balance of signaling sphingolipids via ceramide synthases by FTY720. This modality of FTY720 action adds to the already complex picture of the role of FTY720 in cellular biochemistry and opens a new aspect of its interference with sphingolipid balance and signaling (Fig. 9) . Our findings present a new potential direction for applications of FTY720 and its analogs through the targeting of ceramide de novo biosynthesis. An understanding of the mechanisms by which FTY720 and its analogs regulate sphingoid base 1-phosphate/ceramide balance via ceramide synthases may provide new targets for pharmacological and therapeutic interventions.
